The aim of this paper was to describe the use of a 2-hydroxypropyl beta-cyclodextrin (2-HP CD) as a tool to improve the chemical stability of tiagabine hydrochloride (TGB). HPLC method was used to quantify TGB. The correlation coefficient of the linearity (r 2 ) of HPLC method was more than 0.999 whilst the limit of detection and the limit of quantification of TGB were 0.6494 g ml -1 and 1.765 g ml -1 respectively. The effect of 2-HP CD on the chemical stability of TGB was compared with -tocopherol and ascorbic acid, the most recognized antioxidants used to enhance the stability of TGB. The stability was expressed by (% w/w) of the total related substances (TRS) of TGB. When TGB was exposed for 24 h to 50°C, the TRS were 3.264% (SD ±0.077) and 3.125% (SD ±0.053) in the presence of -tocopherol and ascorbic acid, respectively. The TRS of TGB complexed with 2-HP CD was 2.142% (SD ±0.045). This study demonstrates that 2-HP CD exhibits an obvious enhancement of TGB chemical stability with a different mechanism compared with the usual antioxidants.
INTRODUCTION
Tiagabine HCl (TGB) Fig. (1i) is an antiepileptic agent [1] [2] [3] available as coated oral tablets in 2 mg, 4 mg, 12 mg, or 16 mg strengths in the United States and Canada. In these forms, ascorbic acid was used as an antioxidant agent. However, in Europe, it is presented in 5 mg, 10 mg, or 15 mg strengths using -tocopherol as the stabilizing agent [4] [5] [6] . TGB must be produced with a control of humidity, temperature and oxygen [4] . Degradation occurs when the drug is exposed to one or more of the previous factors and inactive related substances may also be produced. Therefore the addition of stabilizing agent(s) is essential to maintain the pharmaceutical quality of TGB products. Bhiwgade et al. developed a new alternative method to improve TGB stability by using a specific combination of antioxidants. A combination of butylated hydroxyl anisole BHA, butylated hydroxyl toluene BHT, propyl gallate (E310) PG and ethylene diamine tetra acetate EDTA (BBPE) as antioxidants, and one or more pharmaceutically acceptable excipients was demonstrated [7] . The method showed a surprising synergic effect of such antioxidants and improved chemical stability was demonstrated. Improvement of stability for several drugs was carried out upon complexation with cyclodextrins (CDs) [8, 9] . The ability to form an inclusion complex with a large variety of non-polar and hydrophobic molecules is the most interesting property of CDs [10, 11] . Complexation with the CDs increased aqueous solubility of a drug [12, 13] and may be involved in many other physico-chemical properties [14] . Alternatively, they may sterically hinder the substrate from undergoing the structural changes that result in degradation [15] . Recently, Sughir et al. [16] reported a study involving the characterization of the inclusion complex of TGB/2-HP CD, Fig. (1ii) , using 1 H NMR spectrometry. Results showed that a 1:1 inclusion complex was formed. The work demonstrated the association constant, K C , of 3396 M -1 , and showed that the nipecotic acid moiety of TGB was exposed towards the outside of the 2-HP CD cavity [17] , Fig. (1iii) . Therefore, the study pointed toward the formation of an inclusion complex between TGB and 2-HP CD. In this work the aim was to study the effect of 2-HP CD on the chemical stability of TGB. Based on the previous study by Sughir et al. the analytical methods for the evaluation of the TGB/2-HP CD inclusion complex optimized and its effect on the chemical stability of TGB are described herein.
MATERIALS AND METHODS

Materials and Reagents
TGB HCl was purchased from Molecula-France. 2-HP CD was provided by Rocquette-France. Alpha tocopherol and Ascorbic acid were pharmaceutical grade and purchased from Cooper-France and Sigma, respectively. Hydrogen peroxide in analytical grade was provided by Fischer scientific. Solvents were HPLC grade. Acetonitrile and Isopropanol from Acros and Trifluorocaetic acid were purchased from Riedel-de Haën.
Methods
HPLC Analysis
TGB concentrations in solution were measured by high performance liquid chromatography (HPLC). The HPLC system comprised: a Varian® system equipped with a 9050 variable wavelength UV-detector, a 9010 solvent delivery system and a 9100 auto-sampler. A nucleosil-C18 column (125mm 4mm, 5 m particle size) was used. A gradient system mobile phase of two solvents (A) and (B) was employed, Table (1). (A) was an aqueous 0.1% trifluorocaetic acid (TFA), while (B) was a 0.1% TFA in water/acetonitrile at a ratio 90:10, respectively. The flow rate 1.0 ml/min, column temperature 18±2 °C and injection volume 50 l. A mixture of (A) and (B) solvent 65:35% respectively, was used as solvent for the preparation of standard solutions for the calibration measurements. The analysis of TGB was carried out 10 min after preparing the sample to ensure the analysis of total non-degraded TGB. The procedure was optimized for the quantification of TGB concentration in respect to their total related substances (TRS) at the wavelength of 296 nm. Chromatograms were collated using Varian System Software. The incorporation of H 2 O 2 and the analysis at 50°C were done to accelerate oxidation and hydrolysis for rapid study after 24 h. Analysis after three months was also made to study the oxidation profile of TGB using 2-HP CD andtocopherol.
Preparation of the Inclusion Complex
The inclusion complex of TGB/2-HP CD was prepared by the freeze-drying method according to the method described be Sughir et al. [16] . TGB was dispersed in 50 ml of 2-HP CD aqueous solution in equimolar quantities and mixed with a laboratory magnetic stirrer for 24 h at room temperature. The suspension was filtered through a 0.45 μm. The filtrate was frozen at 45 °C for 6 h and then lyophilized using a freeze dryer VIRIS-Advantage USA. The freeze dried TGB complex was stored in air-tight containers at 4°C.
TGB and its Complex with 2-HP CD
Accurately weighed amounts of TGB lyophilized complex were reconstituted and diluted to obtain a complex concentration of 2.481 mg/ml, Table (2) . The final concentration of TGB was 500 g/ml. Each test sample was prepared both in the presence of 1% Hydrogen peroxide (H 2 O 2 ), and as a test control without H 2 O 2 as demonstrated in Table ( 2). An aliquot of each sample (both with and without H 2 O 2 ) was injected directly after reconstitution into the chromatographic system. Each sample was divided afterwards into two parts for analysis after 24 h. The first part was kept at room temperature (RT) and the second was placed into an oven thermostated at 50°C. Also, as a control of non- 
TGB and Antioxidants
Alpha-tocopherol and ascorbic acid were used as reference antioxidants and BBEP were also used to evaluate the efficacy of complexation method. All antioxidants fall below the FDA Inactive Ingredient Guide (IIG) limits for oral administration. The condition was similar to that reported and disclosed by Bhiwgade et al. [7] , except for minor changes in alpha-tocopherol. The test solutions for TGB and antioxidants were prepared by adding an alcoholic solution of TGB (500 g/ml) to two series of test tubes, one containingtocopherol (25 g/ml), and the other ascorbic acid (140 g/ml). The alcoholic solution of TGB (500 g/ml) andtocopherol (25 g/ml) was also tested with H 2 O 2 (1% v/v), with 2-HP CD 1.981 mg/ml and with both H 2 O 2 and 2-HP CD together in order to evaluate any synergic or antagonistic effect between 2-HP CD and -tocopherol. All the samples were analyzed immediately and after 24 h using HPLC analysis.
NMR Study on TGB Stability
The NMR measurements have been done in D 2 O with a standard pulse sequence on a BrukerAvance III spectrometer operating at 600.13 MHz. The NMR test for TGB stability was carried out according to Table (2) . TGB was characterized using D 2 O without any additive, then with 2-HP CD in the form of lyophilized complex and finally TGB was analyzed with -tocopherol using an NMR-specific alcoholic solution. Similar samples were analyzed in the presence of H 2 O 2 and all samples were analyzed after heating at 50°C.
Study of Dissolution Rate
The dissolution rate of TGB powder, TGB/2-HP CD physical mixture and TGB/2-HP CD inclusion complex was determined by the paddle method using the USP dissolution apparatus, in distilled water, at 37±0.5°C. Rotation was set at 50 rpm. Seventy five milligrams of TGB powder samples or equivalent quantity of TGB/HP CD physical mixture or inclusion complex was added directly to the dissolution medium. The physical mixture was prepared by blending equimolar quantities of TGB and 2-HP CD using a mortar and pestle. The concentration of TGB was determined by HPLC. N.B. Each experiment was performed at least three times and in each case the average was calculated.
RESULTS AND DISCUSSION
HPLC Analysis
The TGB peak was identified by comparing the absolute retention time of the TGB sample and the mobile phase with their standard references. The method allows the elution of TGB at 20 min in the majority of cases, Fig. (2) . The correlation coefficient (r 2 > 0.999) indicated good correlations between TGB concentrations and their peak areas within the test ranges. The lower limit of quantification for TGB was 1.765 g ml -1 . The lower limit of detection was 0.6494 g ml -1 . Table ( 2) demonstrates the parameters of linearity, precision and recovery for the optimized HPLC method. Within-and between-day variations were chosen to determine the precision of the method. For the within-day variability test, the standard solutions were analyzed in triplicate three times/day, while for the between-day variability test, the samples were examined in triplicate for 3 consecutive days. For repeatability, the relative standard deviation for within-and between-day variations were 1.86% and 2.03% respectively ( Table 3) . Fig. (2) . HPLC profile, peaks of TGB and their possible related substance: TGB sample 500 g/ml exposed to H 2 O 2 at 50 °C/24h; Related substances peaks, 1,2,3 and 5 and TGB peak, 4. Table (4) lists the different antioxidants assayed with their exposition factors and indicates differences in TRS in each cycle. TGB free powder cycle (1) was considered as the reference test. The data were compared with previously reported work [7] . Cycle (2) showed the effect of H 2 O 2 on TGB degradation. After 24h at 50°C, H 2 O 2 exerted a degra- (3) and (4) provided an improvement of stability both in the presence or absence of H 2 O 2 . This improvement was noted in both the rapid test when TGB was exposed to 50°C for 24 h and the long term test when TGB/2-HP CD complex was conserved for 3 months at room temperature. Although 2-HP CD is not an antioxidant, it can play its own anti-oxidation role by protecting the susceptible part of the drug that is exposed to oxidation and hydrolysis. Therefore, 2-HP CD provides a molecular protection of TGB against chemical and/or physicochemical degradation [16] . This might be the most significant manner in which 2-HP CD improves TGB stability.
Stability Study of TGB
Effect of 2-HP CD
Effect of Antioxidants
Since the stability of TGB was improved by usingtocopherol, ascorbic acid or BBPE, the comparison needs to be made between 2-HP CD and these antioxidants to establish the efficacy of 2-HP CD. The % TRS of TGB using ascorbic acid in cycle (5) was significantly decreased when compared with control samples in cycle (2); (3.264%) and (4.350 %), respectively, when samples were exposed to 50°C for 24h. Alpha tocopherol samples were prepared using alcoholic solution to ensure its dissolution, cycle (6) . The % TRS observed in the case of -tocopherol was 1.426% for 24h at 21°C, 3.125% for 24h at 50°C and 3.231% when samples were kept for 3 months at 21°C. This indicates, after comparison with control data in cycle (2), the improvement of TGB stability. The data in cycle (7) was obtained from the previously mentioned work wherever an obvious enhancement of TGB stability was observed [7] .
Effect of Combination of Alpha-Tocopherol and 2-HP CD
A cross-test was performed for TGB/2-HP CD complex cycles (8) and (9) by the addition of -tocopherol with and without H 2 O 2 , respectively. The results showed the unex- TGB 0.5 mg/ml (I), H2O2 1% v/v (II), HP CD 1.981 mg/ml (III), Ascorbic Acid 0.14 mg/ml (IV), -tocopherol 0.025mg/ml (V), BBPE (VI). TGB and 2-HP CD was used in the form of complex (*).
-tocopherol was used as alcoholic solution (**). Data obtained from [1] (A). Analysis done in our laboratory (B). Total related substances (TRS). The concentration of BHT 2 g/ml, BHA 25 g/ml, PG 0.15 g/ml and EDTA 20 g/ml ( § pected effect of -tocopherol on the inclusion complex in aqueous solution. This may be due to the competitive effect of TGB and -tocopherol on the 2-HP CD cavity, particularly at 50°C, where the association constant of the TGB inclusion complex was decreased [18] . Alpha-tocopherol also appears incompatible with H 2 O 2 [19] and interferes with TGB on the cavity of 2-HP CD [20] cycle (9) . Consequently, the combination of these elements makes it difficult to control the stability of TGB. Fig. (3) demonstrates the 1 H NMR spectrum of TGB in D 2 O. The zoomed part in Fig. (3a) represents the protons of TGB for H19, H15, H20 and H14 from left to right, respectively. Fig. (3b) demonstrates the diagram of the TGB/2-HP CD inclusion complex. At room temperature no clear differences are noted on the profile of the TGB spectrum. This is the case even in the presence of H 2 O 2 . However, when the temperature is elevated to 50°C in the presence of H 2 O 2 the degradation of TGB is induced and a clear change in the NMR diagram is observed. Fig. (3c) shows the zoom of the TGB diagram after its exposure to H 2 O 2 at 50°C. Fig.  (3d) represents similarly the TGB/2-HP CD inclusion complex exposed to H 2 O 2 at 50°C. The intensity and number of degradation peaks were less than in Fig. (3e) where TGB and -tocopherol were exposed to the oxidizing agent at 50°C.
NMR Study on TGB Stability
Therefore, it is possible to conclude that -tocopherol is not better than 2-HP CD for the enhancement of the stability of TGB. Finally, Fig. (3f) showed the test of interaction between -tocopherol and TGB on 2-HP CD. The degradation was greater than those observed in the last three diagrams. Increases in temperature resulted in a decrease of the association constant and led to a lower force of association between TGB and 2-HP CD. Under these conditions, a mechanism of competitive displacement could be possible between TGB and -tocopherol on the 2-HP CD cavity.
Dissolution Studies
The dissolution rate data are shown in Fig. (2) . It is obvious that the TGB2-HP CD inclusion complex shows faster dissolution than both free TGB powder and the TGB/2-HP CD physical mixture. The TGB/2-HP CD inclusion complex dissolved in approximately 1 min, whilst the physical mixture of TGB/2-HP CD in equimolar quantities was completely dissolved in 15 min. The improvement in the dissolution rate of the inclusion complex could be explained by the improved solubility Fig. (4) .
CONCLUSION
Ascorbic acid and -tocopherol are easily degraded in aqueous solution therefore, they are not strongly advised for the preparation of liquid dosage form [20] . Although the combination of four antioxidants, BBEP, has a remarkable effect on the stability of TGB due to the synergic effect of these antioxidants, the addition of four elements of similar function in the formulation is considered excessive if an alternative can be found. In this study, enhancement of the stability of TGB was noticed in the presence of 2-HP CD. This enhancement was almost certainly due to the formation of inclusion complexes between TGB and the 2-HP CD molecule; the inclusion of C10 -C11 of TGB in the 2-HP CD cavity provides protection to the part of the TGB molecule most susceptible to degradation preventing its oxidation and hydrolysis. This improvement of chemical stability proved even better than currently recognized methods. The negative aspect of 2-HP CD is that, unlike the other recognized antioxidants, the quantity of 2-HP CD is always related to the quantity of TGB during the formulation process, as TGB exists in complex form; the increase of the quantity of TGB in the formulation may lead to the tripling of the quantity of 2-HP CD. However, this aspect might be valuable in cases when an increased release of TGB is desired.
